Viral infection is one of the most serious biotic stresses, which disturbs the growth and productivity of many horticultural crops, including that of fig (Ficus carica L. ). The production of plants free of viruses, such as fig mosaic virus (FMV), has become a priority in many plant breeding programs. In this study, leaves from plants of two fig cultivars, Kodato and Dattora, infected with FMV were collected from both Mecca and Al-Taif, Saudi Arabia. Transmission electron microscopy of ultrathin leaf sections showed double membrane bodies, characteristic of FMV particles, only in the mesophyll cells of infected samples. Protein analysis using sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed the presence of a protein band with a molecular weight of 35 kDa, which corresponded to the viral coat protein; and FMV was confirmed by Western blot and enzyme-linked immunosorbent assay (ELISA) tests. To obtain virus-free plants, apical shoot culture was applied. A comparison of various artificial media with different concentrations of growth regulators was evaluated to optimize shoot formation, shoot multiplication, and root formation, and was followed by plant acclimation ex vitro. Direct ELISA analysis of shoots micropropagated from meristem tip explants indicated that there were virus-free shoots, when compared to infected plants (positive control), while there were no significant differences between these explants and healthy samples (negative control). This study demonstrated that in vitro micropropagation of Saudi F. carica infected with FMV virus led to the successful elimination of the virus.
Introduction
Fig (Ficus carica L. ; 2n = 16) is a deciduous fruit tree, which has been cultured since 5000 BCE (Nicotra et al. 2010) . Wild F. carica genotypes have been widely domesticated and spread in the Mediterranean region, including Algeria, Arabian Gulf, Asia Minor, Egypt, Iran, Lebanon, Palestine, Syria, Tunisia, and Turkey, as well as into Central Asia. Ficus carica is commonly grown in tropical and subtropical regions, which provide a dry, warm-temperate climate suitable for F. carica to grow well and to produce the best quality fruit (Patil and Patil 2011) . In Saudi Arabia, F. carica is widely distributed throughout the country. Different cultivars of F. carica, such as Kadota, Black Mission, Dattero, Brown Turkey, and Brunswick, are mainly grown as individual trees on farms and occasionally raised in specialized orchards, as are found in Hofuf, Mecca, and Al-Taif in Saudi Arabia. The total annual production of F. carica fruits (2.8 × 10 8 kg) is low and the yield varies among F. carica cultivars due to the exposure to different abiotic and biotic stresses, such as drought, salinity, and fig mosaic virus (FMV; Pandey et al. 2017) .
The most widely distributed and economically important disease in F. carica is caused by FMV, which was first reported in California (Condit and Horne 1933) . Since then, FMV has been found in more than 13 different geographical areas including Albania, Algeria, California, Cyprus, Egypt, England, Greece, Israel, Italy, Morocco, Saudi Arabia, Tunisia, and Turkey. Fig mosaic virus infection remains a serious pathological constraint and this virus causes yield losses of up to 78% (Chiumenti et al. 2013) . The productivity reduction of F. carica plants is due to the use of traditional methods of propagation and the persistence of systemic viruses, particularly the FMV (Hafez et al. 2011 ). Since fig germplasm is normally exchanged as plant cuttings, the virus is spread during the germplasm exchange (Singh et al. 2015) . Diseased plants show mosaic spots (Fig. 1A, B) and malformation of leaves (Fig. 1C ) in a variety of shapes and sizes. Spots may be distributed uniformly across the leaf surface or occur as irregular patches. The FMV leads to necrosis starting at the tip of the lower leaves, which then progresses rapidly up the plant. Old infected plants show chlorotic spots, which tend to be linear or are randomly distributed on the leaves (Fig. 1A,  B) . A purple coloration also develops, first on the tips of the lower leaves, then spreading along the leaf margin toward the base, followed by necrosis.
It is, therefore, necessary to establish a breeding strategy to produce virus-free F. carica plants using approaches such as plant tissue culture, which has been successfully used to reduce or eliminate viruses in many vegetatively propagated species. In Saudi Arabia, the presence of FMV, fig leaf mottle-associated virus 1 (FLMaV-1), fig leaf mottleassociated virus 2 (FLMaV-2), and fig mild mottleassociated virus (FMMaV) was assessed from samples collected from different locations in Saudi Arabia (Aldhebiani et al. 2015) . Fig leaf mottle-associated virus 1 was the prevailing virus (55% of samples), followed by FMV (34%), whereas FLMaV-2 (11% of samples), and FMMaV (6%) were less common.
The production of virus-free horticultural crop plants is one of the main objectives of many breeding programs (Smith and Drew 1990) . The meristematic cells are usually free of viruses and attempts to produce FMV-free fig trees were initiated in the mid-1960s, using heat therapy or in vitro meristem tip culture (Martelli 2011) ; and propagation through meristem culture became a new approach to produce virus-free F. carica plants (Chalak et al. 2015) . Plantlets derived from meristems were more consistent in shape and form than plantlets generated from the callus (Chalak et al. 2015) , and also produced large numbers of plants in a shorter period of time and with a higher degree of virus elimination (Chalak et al. 2015) . Furthermore, this stability of plants generated from meristems in vitro is a major factor for the in vitro germplasm conservation. While it is possible to eliminate pathogens through tissue culture, a successful procedure requires a high level of knowledge, skill, and expertise in plant pathology and in vitro culture techniques, as well as knowledge and facilities to maintain the virus-free status of plants (Bhojwani and Razdan 1996) .
Two principal immunological methods of detection and identification are employed in virology: 'direct', which depends on a labeled primary antibody that reacts directly with the viral antigen, and 'indirect', which follows a primary antibody specific to the virus with a labeled secondary antibody for detection and is the most popular format for enzymelinked immunosorbent assay (ELISA; Fang and Ramasamy 2015) . The secondary, labeled antibody has specificity for the primary antibody. Enzyme-linked immunosorbent assay, first applied in the 1970s, has been successfully used for the detection of viruses in different organisms, including plants and insects (Clark and Adams 1977) . There are several factors that affect the sensitivity of ELISA, including the species of organism, sample freshness, and virus titer (Schaad et al. 2003) . In addition to detecting pathogen presence, ELISA can be used to quantify the virus load based on antibodies and a color change (Van Regenmortel and Dubs 1993) . Due to its sensitivity and the ability to test a large number of samples in a short period of time, ELISA is now the most widely used immunodiagnostic technique (Naidu and Hughes 2003) .
Although the propagation of virus-free F. carica plants through tissue culture is well established (Chalak et al. 2015) , the micropropagation of FMV-free plants of Saudi F. carica has never been reported before. Therefore, this study was conducted for the production of FMV-free Saudi F. carica plants using tissue culture techniques, and for the identification of virus load, based on cytopathological and serological assays. 
Materials and Methods

Determination of Viruses in Plant Material
Ultrastructure of virus-infected cells Electron microscopy was used to study the ultrastructure of infected plant tissues. Ultrathin sections were prepared from the collected leaves using the protocol of Ahn et al. (1996) with slight modification.
Fixation Specimens were cut from FMV-infected and healthy leaves and fixed in 4% (v/v) glutaraldehyde buffered in pH 7.0 phosphate buffer. After washing for 4 h in phosphate buffer, the specimens were post-fixed in 1% (w/v) osmium tetroxide in 0.05 M sodium phosphate buffer at pH 7.0 for 2 h at 4°C and then washed twice with distilled water for 15 min per rinse.
Dehydration and embedding The material was dehydrated through a series of acetone solutions with increasing concentrations (30-100% v/v) and incubated for 2 h in a 1:3 mixture of propylene oxide and Spurr's medium [26 g nonenyl succinic anhydride (NSA), 10 g vinyl cyclohexene dioxide (ERL-4206), 6 g diglycidyl ether of polypropylene glycol (D.E.R. 736), and 0.4 g dimethylaminoethanol] (Spurr 1969) and then left in dark for 11 h at 4°C.
Blocking and sectioning The embedded specimens were poured into a mold and the resin was polymerized at 37°C for 72 h. After trimming the block face, ultrathin sections (70 to 90 nm) were obtained with a UC6 ultramicrotome (Leica, Wetzlar, Germany) and the silver and gold reflecting sections were picked onto copper nylon-coated grids. Sections were stained with a 1:1(v/v) mixture of acetone and 2% (w/v) uranyl acetate, and then examined under the electron microscope (JEM-2100; JEOL Ltd., Akishima, Tokyo Japan).
Virus particle purification Leaves, with foliar discolorations and malformations, were collected from mosaic-diseased F. carica trees, and were used as a source for infection and for virus purification following .
Negative staining The negative staining technique described by Milne and Lesemann (1984) was used for determination of the virus particle morphology in purified preparations. Fifteen microliters of purified FMV preparation was adsorbed onto a gold-coated grid for 2 min, followed by staining with 2% (w/v) uranyl acetate, and then washed with dH 2 O to remove the excess stain. The grid was left for 5 min to dry and then examined by electron microscope.
Determination of viral coat protein molecular weight The molecular weight of virus was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 4% (w/v) stacking gel on a 12% (w/v) resolving gel and loaded with 25 μL sample at viral coat protein with SDS running buffer
by Laemmli (1970) . Gels were fixed, stained, and de-stained, and the protein bands were observed using Coomassie Brilliant Blue R250 staining (Bio-Rad, Hercules, CA). Pre-stained molecular weight standards (10 μL per lane) were used for the size estimation of the protein bands.
Serological Tests
Polyclonal antiserum production Antiserum was prepared and collected by injecting a purified virus preparation, containing nucleoprotein and Freund's adjuvant (1:1) into New Zealand white rabbits according to Lister et al. (1983) .
IgG purification The immunoglobulin G (IgG) was separated as described by Perosa et al. (1990) .
Western blot analysis The collected antiserum was purified using virus protein extracted from infected F. carica plants and the efficiency of antiserum was evaluated with Western blot analysis as described by Swank and Munker (1971) with some modification. Protein from FMV-infected plants was dissolved in sample buffer and loaded onto SDS-PAGE as a positive control; gels were also loaded with healthy leaf tissues (negative control), and pre-stained standard molecular weight markers. Duplicate gels were run for 2 h at 80 V and then one gel was stained, while the other was electro-blotted for 90 min at 120 V onto nylon membrane for Western analysis using the Bio-Rad Mini Trans-blot apparatus (Bio-Rad, Hercules, CA) and polyclonal antibodies (PAbs) made from purified virus as primary antibodies.
Enzyme-linked immunosorbent assays The ELISA method was used for virus detection and determination of the antiserum titer as described by Seifers et al. (1998) . The absorbance values were determined at a wavelength of 405 nm using ae a Bio-Rad ELISA Microplate reader (Model 3550; (Bio-Rad, Hercules, CA)).
Micropropagation Experiments
Explant preparation Shoot apex (apical meristems with 2 or 3 leaf primordial) explants were collected from 7-to 8-yr-old mature infected trees of F. carica cultivars Kadota and Dattero growing under Saudi Arabia conditions. 2-naphthalene acetic acid (NAA) alone or in combinations. The pH of the medium was adjusted to 5.8 ± 0.2 using NaOH and/or HCl and 2.5 g L −1 Phytagel™ was added. The medium was sterilized by autoclaving for about 20 min at 121°C. All cultures were maintained in a growth chamber at 25 ± 1°C under a cool-white fluorescence tubular lamp (Philips, Jeddah, Saudi Arabia; 50 μmol m −2 s −1 ) with a 16-h photoperiod, following Metwali et al. (2015) .
Explant sterilization
Effect of Growth Regulators on Shoot Apices
Establishment stage Explants were placed on establishment MS medium as described above, and the medium was supplemented with 1.0, 2. kinetin (Kn), on the multiplication of the explants grown on MS culture gelled medium was studied without the addition of auxin. Three shoots were cultured per sterilized (50 mL medium per 370 mL baby food jar) and each treatment consisted of five jars and was performed in three replicates. Shoot multiplication data were collected after 5 wk of incubation. The shoots (1.0-2.0 cm in length) were sub-cultured every 5 wk on the best medium solidified with 2.5 g L −1 Phytagel™, to obtain enough stock material for the next experiments. 
NAA.
Acclimatization stage Tap water treated with 2% (w/v) Carbendazim (antifungal solution) was used to remove the culture medium and to protect the plants from fungal infection, when the plantlets were transferred from the rooting medium to pots containing a (1:1) mixture of organic compost medium (peat moss) and sand. Plantlets were kept under dark polyethylene bags for 3 wk to 4 wk and incubated under 16 h with cool-white fluorescence tubular lamp (Philips, Jeddah, Saudi Arabia; 50 μmol m −2 s −1
) at 25 ± 1°C in growth cabinets. After 4 wk, polyethylene bags were opened, and after a further 4 wk, polyethylene bags were removed, and plantlets were maintained under greenhouse conditions at 28 ± 2°C.
Statistical analysis There were three replications per experiment, each with five tubes or jars containing three explants in each jar. Data were analyzed statistically by the analysis of variance (ANOVA) technique, using statistical software Co Stat version 6.4 (CoStat 2005) at p = 0.05. Duncan's new multiple range test was used for mean separation at probability of 0.05 (Duncan 1955) . All values were reported as means ± standard error.
Results
Ultrastructural features Electron micrograph examination showed that the sectioned cells prepared from healthy leaves had a normal structure without any virus particles (Fig. 2B ), compared to leaf samples of FMV-infected F. carica ( Fig. 2A) . Electron micrographs of FMV-infected leaves showed the existence of double membrane bodies (DMBs) with dimensions of 100-150 nm, indicative of the presence of FMV particles, in the cytoplasm of mesophyll cells ( Fig. 2A) .
Protein banding pattern and Western blot analysis Protein analysis of 7 samples of F. carica leaves by SDS-PAGE (Fig. 3A) showed a unique band with an approximate molecular weight of 35 kDa, which was only present in the infected samples (lanes 6 and 7) and was absent in the healthy samples (lanes 1 to 5); thus, this unique band was probably the viral coat protein. The antiserum derived from injection with the purified FMV antigen only recognized the 35-kDa band in infected samples and non-specific antibody binding to the samples from healthy plants was not observed (Fig. 3B) . These results indicated that the antibody produced against the 35-kDa antigen was specific, and that Western blot analysis was sufficiently sensitive for the detection of the antigen with rabbit polyclonal antibodies made against purified FMV.
Enzyme-linked immunosorbent assay test Polyclonal rabbit antiserum against purified FMVor viral coat protein (35 kDa) was further refined, by cross-absorption with proteins derived from the healthy plants. Purified polyclonal antiserum raised against the purified virus showed a higher sensitivity against the infected F. carica tissues than antiserum derived from the eluted PAGE coat protein band, in indirect ELISA analysis with different dilutions of purified virus (Table 1 ). There were significant differences between the treatments; the virusspecific titer for the polyclonal rabbit antibodies raised against purified FMV was at least 1/1600, while 1/800 was the lowest virus-specific titer for polyclonal antibodies against purified coat protein that elicited an ELISA absorbance of 2.0 at 405 nm (Table 1) . Samples obtained from healthy F. carica plants showed a negative reaction in Western blot analysis with antiserum against the purified virus (Fig. 3B) . Additionally, even data dilution of 1/12,800, both types of antiserum had greater absorbance values for infected plants than for the controls. These results indicated that the antibody titer of at least 1:800 against the respective viral coat protein and 1:1600 against the purified virus was obtained as determined by ELISA (Table 1) .
Effect of Growth Regulators on the Different Growth Stages of the Explants
Shoot formation In cultivar Kadota, the percentage of shoot apices forming shoots reached 90% after 3 mo in MS medium containing 0.1 mg L − 1 NAA, 2.0 mg L − 1 BAP, and (Table 2) .
Multiplication stage
The mean number of shoots per explant produced from shoot apices of cultivar Kadota was significantly increased using MS medium containing 3.0 mg L −1 BAP, 0.5 mg L −1 2iP, and 0.5 mg L −1 Kn, reaching a maximum of 8.50 ± 0.209 shoots after 5 wk (Table 3) . However, for the cultivar Dattero, the increase in mean number of axillary shoots per explant was significantly higher using kinetinfree medium supplemented with 3 mg L −1 BAP and 0.5 mg L −1 2iP, reaching 7.8 ± 0.297 shoots (Table 3 ; (Table 3) .
Rooting stage The highest percentage of shoots forming roots was 100% for cultivar Kadota using MS nutrient medium supplemented with 2.0 mg L −1 IBA and 0.5 mg L −1 NAA while for the cultivar Dattero, the percentage of shoots forming roots reached its highest value at 98%, using MS nutrient medium supplemented with 1.0 mg L −1 IBA and 0.5 mg L −1 NAA (Table 4) (Table 4 and Fig. 5A ).
Acclimatization Plantlets (3-5 cm long) produced from rooting stage (Fig. 5B) were successfully acclimatized in the greenhouse with 98% survival rate. After 18 mo, none of the regenerated plants showed any visible symptoms of FMV (Fig. 6 ).
Serological analysis of F. carica plants produced from micropropagation All micropropagated plants from either cultivar were found to be virus-free using ELISA analysis. Infected F. carica, showing positive results with Western blot analysis, were used as positive controls, while healthy F. carica with negative results in Western blot analysis represented the negative control in the ELISA test. The results (Fig. 7) showed that there were no significant differences among the 15 micropropagated F. carica plants (15 samples of each cultivar) and the healthy plant (negative control), indicative of the purity of the plants free from viral infection. These results further indicated that the purity and sensitivity of the raised antiserum were very high.
Discussion
Viral infection with FMV is indicated during cytopathological examination by the presence of spherical bodies within the infected cells (Çağlayan et al. 2009 ) and double membrane bodies (DMBs; Appiano et al. 1995) . In the present study, DMBs with dimensions of 100-150 nm were noted in ultrathin sections of mesophyll parenchyma cells of infected F. carica leaves, which was evidence of FMV infection ( Fig.  2A) . Although the presence of DMBs of 100-to 150-nm size in the cytoplasm of parenchyma cells is convincing evidence of FMV (Serrano et al. 2004) , the size of DMBs may range from 50 to 250 in some cases (Castellano et al. 2007 ).
Detection of viral infection, especially in young propagated stock plants, is very important to prevent the spread of FMV. Previously, visual plant assessment has been used, but more recently, modern techniques such as protein fingerprinting, Western blotting, and ELISA assays have been developed for precise and correct identification (GabrenaiteVerkhovskaya et al. 2008; Martinelli et al. 2015) . In this study, SDS-PAGE was applied to verify and identify purified expressed viral protein (data not shown) and a single matching protein band, estimated at 35 kDa (Fig. 3A) , was found in leaf samples of infected F. carica plants. The 35-kDa protein was detected and identified successfully in a Western blot assay with polyclonal antibodies (Fig. 3B) . In an earlier study, Kumar et al. (2003) sequenced six mRNA genome segments of FMV with sizes between 1.4 and 7.0 kb. The RNA3 (1490 nt) segment encoded a 35-kDa nucleocapsid protein (N-protein). This putative nucleocapsid seemed to be essential for virus movement and the virus infection cycle (GabrenaiteVerkhovskaya et al. 2008) , and this N-protein may be a structural protein of the enclosed nucleocapsid (Kitajima et al. 1992) . Strong serological reaction was obtained with the 35-kDa nucleocapsid protein, when antiserum directed against Nprotein was used with partially purified virus fractions (Mielke-Ehret and Mühlbach 2012).
Enzyme-linked immunosorbent assay is one of the most successful technologies used to determine viral infection (Carvalho et al. 2013; Elbeshehy et al. 2015) . The recent development of a highly selective and reactive antiserum (against the putative capsid protein) of FMV has allowed the immunological detection of this virus and can be used for disease diagnosis. The ELISA assays performed in the present study showed a higher reaction against the infected F. carica tissues with antibodies made against purified FMV, than that made with antibodies against the coat protein-PAGE band, with different dilutions of purified virus (Table 1) .
Due to the ineffectiveness of chemical control methods for the elimination or impediment of viral infection (Taşkın et al. 2013) , plant breeders have increasingly turned to the application of tissue culture techniques, such as shoot apex and meristem tip micropropagation, to develop high quality disease- free stock plants, which are also stable in their inheritance and are true-to-type Therefore, this study also optimized shoot multiplication and root formation protocols for producing virus-free, viable plants from FMV-infected trees. Shoot apices (0.3-0.5 mm long) were collected from 7-to 8-yr-old tree of F. carica as reported before (Ramgareeb et al. 2010) , to produce virus-free plants. The highest and lowest elimination rate of FMV was (87.5 and 50%) from meristem sizes 0.5 mm and 1.5 mm, respectively (Bayoudh et al. 2017) . The explants were cultured on artificial nutrient medium (MS) with different growth regulators: either cytokinins (BAP, 2iP, Kn) for shoot formation, or auxins (IAA, IBA, NAA) for root formation. These types of growth regulators were used in the earlier studies on F. carica (Danial et al. 2014) . In the present study, the lowest proportion of explants forming axillary shoots was recorded in the presence of BAP alone, while there was a cultivar-dependent increase when BAP was combined with 2iP and/or NAA (Table 3 ). The mean number of axillary shoots per explant and mean length of axillary shoots were highest when the three growth regulators were combined in the same medium, and the best combination of these growth regulators depended on the cultivar (Table 3 ). The presence of BAP above a concentration of 2.0 mg L −1 decreased culture response and was considered a critical threshold value. The decrease in axillary shoot length may be due to competition for nutrient medium and/or space in cultures that received high BAP concentrations (Danial et al. 2014) . The presence of BAP alone or in combination with Kn had no significant effect on the increase in number of axillary shoots per explant and length of axillary shoots, indicating that kinetin had a minimal excitation effect on shoot traits, when compared to BAP (Table 4) , while an increase in the value was recorded neither in cultivar Kadota nor cultivar Dattero, when 2iP was combined with BAP and Kn. One reason for the positive effect of BAP on the shoot multiplication process during growth was that the growth regulator might have promoted the growth of lateral buds away from competition with the terminal buds by encouraging the growth of xylem tissue, which facilitated the entry and transport of water and nutrients leading to lateral bud growth.
With regard to root traits, the presence or absence of IAA in the nutrient medium did not result in a significant difference, while it was observed that the compatibility between the IBA and NAA was significantly different. It was found that 1.0 mg L −1 IBA + 0.5 mg L −1 NAA or 2.0 mg L −1 IBA + 0.5 mg L −1 NAA were the best concentrations to induce high numbers of roots, mean number of roots per explant, and mean length of roots, for cultivars Kadota or Dattero, respectively. Serological analysis to test F. carica plants produced from micropropagation of shoot apex explants from infected trees showed no significant differences between 15 propagated F. carica plants of each cultivar and the healthy plant (negative control), indicating that the regenerated plants were free from viral infection (Fig. 7) . This methodology has previously been used as proof of virus-free status in garlic (Allium sativum L.; Taşkın et al. 2013) . The effectiveness of this in vitro culture technique to eradicate FMV in F. carica, suggested that the terminal region of shoot meristems may lack vascular tissue, preventing the upward spread of pathogen particles to the meristems (Hatipoğlu 1997; Ramgareeb et al. 2010; Bayoudh et al. 2017) . Alternatively, the weakness of this movement might refer to competition for some essential and important substances for division (such as nucleic acids) between cell growth and differentiation, and the formation of the virus particles in the meristematic cells. It is acknowledged that despite the success in regenerating plants free of the virus through the cultivation of parts of the meristem reported here, sometimes meristem culture fails to result in virus-free plants (Singh et al. 2016 ). However, that was not the case in this study.
Conclusion
This study demonstrated that in vitro micropropagation of Saudi F. carica infected with FMV virus led to the successful elimination of the virus. Plants were successfully multiplied, regenerated, and acclimatized, to produce healthy virus-free plantlets suitable for breeding or cultivation. The application of this technique is expected to reduce the spread of the FMV virus with the distribution of infected cuttings.
